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Supercapacitor is a relatively new type of electric component used to store
energy compared to a battery. Supercapacitor charge and discharge cycle are
faster compared to the battery along with higher power density which
increase its application in recent years. However, supercapacitors have quite
high self-discharge compared to batteries. This makes energy stored in
supercapacitor decrease faster over time when not in use. Various study has
been done towards the self-discharge behavior of supercapacitor (SC) which
is both experimentally and in simulation. The simulation is done by various
methods and models which have been proposed by previous researchers.
Most of the methods that have been used were based on the equivalent
circuit model (ECM) as it is the easiest method available. However, there is
still another method proposed such as the Fractional-order model. This paper
will review some of the methods and models used to study self-discharge

Supercapacitor behavior.
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1. INTRODUCTION

The demand for energy storage increases over time along with the demand for renewable energy
system and electric vehicles which both requires energy storage to store the energy and released the energy
when required [1]. There are numerous types of energy storage that have been used now such as battery,
supercapacitor and fuel cells [1], [2]. Supercapacitor (SC) is one of the energy storage types other than the
battery. It stores energy in terms of electrostatic. Supercapacitor has been studied and used in electric
vehicles, energy storage for photovoltaic systems such as solar panels and other electrical applications such
as regenerative braking of the elevator [3]-[7]. In photovoltaic application, supercapacitor is suitable to be
implement as a backup power in short term of time and as to stabilize the grid [8]. The usage of 5 SC in the
photovoltaic system able to increases the energy self-consumption and energy self-sufficiency of the system
[9]. The hybrid energy storage also has been proposed by researchers to improve the energy storage system
[10]. The supercapacitor is coupled up with battery as hybrid energy storage system (HESS) in electric
vehicles which will provide the excess energy needed whenever battery cannot provide during high power
demand [11], [12]. The same reason applied in [13] in the algaculture machinery application which relied on
photovoltaic as the main source and HESS as the energy storage. Supercapacitor also used as virtual inertia
support for wind turbine where it helps to reduce frequency nadir and also avoid the unwanted frequency dip
when in the recovery process [14].
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Supercapacitor is divided into three categories which are the electric double layer capacitors
(EDLC), the Pseudocapacitor and the combination of both called Hybrid capacitors [15]. The difference
between the three categories is their electrode material. The EDLC used a carbon-based material for both
electrodes of the supercapacitor [16]. While Pseudocapacitor used conducting polymer or transitions of metal
oxides as the electrode [17], [18]. The power density of a Supercapacitor is greater compared to the battery
which makes it perfect use for higher power applications. The supercapacitor is also able to charge up more
rapid and discharge faster [19]. Despite the fast-charging and discharging cycle, a supercapacitor lifespan
could achieve hundred thousand of cycles before it becomes inefficient or obsolete [20]. Fast charging has
become one of the major concern such as in the automobile industry as the lithium-ion battery strictly need to
be charged below its charging rate, C to avoid any damage happen to the battery [21]. This makes
supercapacitor has upper hand advantages as it can absorb higher current instantly during charging phase and
will not damage the supercapacitor as much as the battery will [21], [22].

Supercapacitor and battery have their own leakage current or self-discharge condition. However, the
self-discharge of supercapacitor is greater than battery [23]. Self-discharge or also called the voltage drop of
the supercapacitor happen during open-circuit condition or when they are not in use and stored for a certain
amount of time. The high free energy state at the early windows makes the voltage decrease gradually. The
mechanism of self-discharge can be grouped into ohmic leakage, charge redistribution and faradaic reactions.
Self-discharge is affected by the charge redistribution which is also affected by the charging current either
high or low along with the duration of the charging and charging method. As in [21], different constant
current applied to charge the same capacitance of SC and shows different self-discharge behavior.
Temperature also gives effect towards supercapacitor’s self-discharge where the supercapacitor is stored
[23]. In electrochemical studies, the diameter of the electrode also affected the self-discharge of a
supercapacitor where a higher diameter shows a higher rate of self-discharge [24]. Various factors affecting
the self-discharge make it inevitable which then lead to various study on self-discharge behavior. An accurate
model is important so that it can imitate the supercapacitor’s self-discharge behavior for real-life
applications. As the self-discharge affect the supercapacitor, it needs to be studied thoroughly so the
efficiency of a supercapacitor can be maximized before implement into any application.

This paper will review the self-discharge study based on different approach such as the equivalent
circuit model (ECM), mathematical model and some experimental studies done by previous researchers. In
section 2, the ECM will be reviewed and then followed by Fractional order model and experimental
measurement approach in section 3 and section 4, respectively. Then all the reviewed paper and method will be
discussed on their advantages and disadvantages towards the self-discharge study in section 5 for future use and
improvement toward the proposed method for better study.

2.  EQUIVALENT CIRCUIT MODEL

Equivalent circuits are often used to model supercapacitors [25]. The (ECM) of supercapacitor is
also used to determine and study the characteristic of supercapacitor which is crucial to predict the behavior
before being applied to any application. The circuit consists of the basic electrical component which is the
resistor and capacitor which either can exist as a single component or multiple components and also can be
either connected in series or parallel [26]. There is various type of proposed ECM of supercapacitor which is
the classical model, resistor-capacitor (RC) branch ECM which is two branch ECM and three branch ECM,
ladder ECM, transmission line model, multi branch model and dynamic model [25], [27]-[30]. However,
parameter identification still needs the help of experimental data. The most common used ECM for self-
discharge behavior study is based on the two branch ECM and three branch ECM.

2.1. Three branch equivalent circuit model

The three branch ECM consisted of three RC branches parallel with each other and have their own
time constant [31]. The three branch ECM was proposed by Luis Zubieta in 2000 and this model is also
called Zubieta’s model [28], [30], [32]. The model also paralleled with a resistance which represents the
leakage resistance for the self-discharge study. Figure 1 shows the three branch ECM of Zubieta’s model for
the supercapacitor where the first RC branch on the left displayed the immediate branch where it happened
immediately during charging and within seconds. The second branch is the delayed branch which that
happens between seconds and immediately after the charging source is disconnected from the supercapacitor
where the charge redistribution takes place. The third RC branch is also known as the long-term branch
shows the behavior of the supercapacitor when the time is longer than 10 minutes [28], [33]. The resistance,
Ry, is the leakage resistance for this model. The simulation for this model is done by obtaining all the
parameters which is the resistance and capacitance value for each branch through formulation based on the
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circuit model itself. The formula required value from the terminal voltage and time which is taken through an
experiment done on the supercapacitor.
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Figure 1. Zubieta’s three branch ECM for SC [34]

Figure 1 shows the Three Branch ECM of Zubieta’s Model for the supercapacitor where the first RC
branch on the left displayed the immediate branch where it happened immediately during charging and
within seconds. The second branch is the delayed branch which that happens between seconds and
immediately after the charging source is disconnected from the supercapacitor where the charge
redistribution takes place. The third RC branch is also known as the Long-term branch shows the behavior of
the supercapacitor when the time is longer than 10 minutes [28], [33]. The resistance, R;, is the leakage
resistance for this model. Parameter can be obtained by calculation for each branch. The example for
parameter identification can be seen in [31], [33], [35].

The self-discharge behavior is non-linear at the early start of the self-discharge phase. However, it
will start to become linear after a long time the supercapacitor in the self-discharge state as seen in Figure 2.
In [27], self-discharge study was made and the simulation was done by the implementation of three branch
ECM. The parameter extraction is done based on Maxwell BCAP350 350F supercapacitor where the SC is
charged and let discharge in an open circuit condition using CH760E electrochemical workstation. The
parameter is then tested with Faranda’s model and optimized by using MATLAB/Simulink optimization tool
to create the behavior fit to the experiment’s result. The non-linear behavior can be seen happen when large
voltage drops at the early moment of the phase. The high self-discharge rate happens due to the charge
redistribution and moving electrons between the electrode.

3r — — — Simulation SC,
s |l sc, sc,
I\ sc,
= 2} N | -
E ‘ \———_!___
EREY : —_—
o° | |
S 4
0.5
0 500 1000 1500

Time [s]

Figure 2. Self-discharge behavior for 4 unit of 100 F SC compared to simulation result [31]

A clearer self-discharge behavior waveform of a supercapacitor can be seen in [31] where the author
used a lower capacitance value of SC for the study. The three branch ECM is used to study the SC
characterization for automotive application. Four unit of Vinatech 2.7 V, 100 F SC voltage drop during self-
discharge phase of each SC is physically measured to show the behavior and compared with the simulation
study. The average parameter was obtained from the datasheet and experimental studies done by charging
each of the SC with constant current and discharge it by let the SC in an open circuit for half an hour. The SC
terminal voltage and its current is recorded by using N19215 analogue data acquisition board. Then, the
author used the same parameter identification method to simulate the self-discharge behavior of 24 units of
supercapacitor in series connection (SC Bank) with the nominal capacitance of 4.17 F. Both experimental
data and simulation are compared and the error trend is calculated by using (1).

Err(t) = vsc(£) — Vsim (2), 1)
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The results obtain in [31] from measuring the SC bank self-discharge voltage was compared with
the simulation which is based on Three Branch ECM where it shows that the model can imitate the real-life
self-discharge nonlinear behavior of the SC. The model used and proposed also abled to create a low mean
error at 0.372 V.

Zubieta’s model is also used for the evaluation of the supercapacitor for the energy storage systems
for photovoltaic modelling [33]. The 470 F supercapacitor is charged with 30 A before it is let to rest after
charging for 30 minutes to see the voltage drop during self-discharge state. The parameter is obtained by
measuring the terminal voltage in function of time while charging with constant current and by simple
equation dedicated for each branch. The self-discharge of the supercapacitor start during the long rest phase
is due to the movement of ions and the dipole’s orientation that take a long time. The self-discharge also
shows the charge redistribution process. Results in the studies also shows the same nonlinear behavior during
the self-discharge phase. The margin error for both simulation and experiment results for the study is not
exceeded 2%.

The parameter for the three branch ECM is obtained through calculation and help from experimental
data such as the terminal voltage at a certain time. The obtained parameter is then used in the simulation to
generate the self-discharge behavior of the supercapacitor as done by the researchers in [35]. In the study, the
470 F SC was charged up to its rated 2.7 V voltage with 27 A constant current and the terminal voltage is
measured for parameter extraction and to compared with the simulation’s result. The researcher proposed a
new simple method to reduce the burden for computation of parameter identification for the Three Branch
ECM and compared the simulation results with parameter identification proposed by Zubieta to validate the
method proposed which is later able to show the same waveform for charging and self-discharge of
supercapacitor. Most of the reviewed proposed method for three branch ECM use their own method for
parameter identification but some used the method proposed before but with a different capacitance value of
supercapacitor to validate that the method is universal. Some of the study also include parameter optimization
technique to increase the accuracy. However, the simulation might differ between studies as some might use
MATLAB and some might use PSIM to generate the simulation. Yet, all study still based on the three branch
ECM.

2.2. Two branch equivalent circuit model

The two branch ECM of a supercapacitor is the same as the three branch ECM however without the
presence of the long-term branch or the third branch. It consists of the immediate branch and the delayed
branch to represent the supercapacitor behavior. The first branch is the charging phase while the second
branch is to represent the charge redistribution process for the supercapacitor [36]. The self-discharge
current, ig; based on Ohm’s Law can be denoted as in (2).

Au(t) _ —ugc(t)+u(t)
ESR ESR

isq(t) = : )
Where the ug.(t) is the supercapacitor voltage at open circuit and u(t) is the real time SC terminal voltage.

The parameter identifications also need helps from the experimental data and some researcher uses a
more complex calculation approach that needs helps from tools such as the least square method algorithm.
The two branch ECM in Figure 3 has been used for characterization and behavior study for the
supercapacitor in [37]-[40] while Figure 4 also shows the two branch ECM that has been used in [33], [36],
[41] for modelling the supercapacitor behavior. The high self-discharge rate of a SC also can happen due
to overcharged since the electrolyte might be decomposed into a gaseous state or solid product [42].
Ghanbari et al. [40] proposed an optimal time-domain approach for self-discharge study of supercapacitor
based on the Two Branch ECM. A total of 59 sets of data were measured during the 6 hours of the self-
discharging phase of the 22 F supercapacitor. All the data then being used to estimate the time domain of the
terminal voltage for the supercapacitor with the help of the weighted least-square technique then the
exponential function model is proposed. There is a total of 11 Exponential function models obtained then
used to compare with the experimental data. The obtained 11 function is all straight line with small data. The
combine 11 function shows that the result done by Ghanbari et al. [40] able to shows the nonlinear self-
discharge characteristic of the 22 F SC used in the study. Next, the same parameter identified used to shows
the behavior of the supercapacitor during the self-discharge phase and compared to the experiment
measurement. The proposed method which uses the two branch ECM model along with the exponential
function from the study in [40] able to increase the accuracy by 8.2%. However, the proposed method
consists slightly more complex computation for obtaining the simulation results.
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Figure 3. Two branch ECM for SC [43]
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Figure 4. Two branch ECM with different resistor placement [29]

A supercapacitor rated voltage is between 2.7 to 3.0 V depending on the model and manufacturer.
For the application that required higher voltage, a series of supercapacitors can be used to increase the
voltage of the supercapacitor. Zhao et al. [38], explained a parameter identification method for the module of
the supercapacitor is proposed by the researchers based on segmentation optimization (SO) to reduce the
error for self-discharge identification compared to the recursive least square (RLS) method, especially during
static conditions as there is no charging or discharging occurring at the moment. The parameter can be
extracted through the Matlab/Simulink. The circuit analysis method for parameter identification of two
branch ECM alone is imprecise to identify the Maxwell BCAP350 350F supercapacitor behavior during the
stationary phase. The SO method proposed for parameter identification for the two branch ECM shows better
accuracy with an error of 0.68% lower compared to the RLS parameter identification optimization method.

The two branch ECM is also being improved by adding a controlled current source (CCS) paralleled
to the first branch which reflects the behavior of the supercapacitor during the self-discharge process which
was done by Xu et al. in [37] for the SC behavior study. However, it cannot show the perfect correlation
between the terminal voltage during the self-discharge with the change rate if it’s applied to dynamic SC
model [44]. Hence, the CCS circuit was proposed to two branch ECM. The proposed circuit also can reflect
the internal charge diffusion behavior. The parameter for the proposed CCS model is identified by using the
help of the RLS algorithm. However, the data obtained from RLS needed to be optimized with an iterative
optimization algorithm as it shows a large fluctuation toward the terminal voltage of the model. The
optimized parameter can reduce the error to less than 1% and better nonlinear behavior characteristic of the
SC.

3. FRACTIONAL ORDER MODEL

The fractional-order model is the implementation of fractional calculus that is applied to the circuit
theory of the supercapacitor [45]. A fractional-order model is used to estimate the parameters of
supercapacitors using data obtained from experiment and operating conditions [46]. The parameter required
to be identified using fractional-order is fewer compared to the traditional RC ladder model and has a better
efficiency in capturing the dynamic behavior of the supercapacitor [47], [48]. Various fractional order model
for the SC behavior has been proposed in previous studies which were reviewed in [49] for the energy
management strategies. Fractional calculus used in fractional order has wide applicability for modelling as it
used derivative and integral operations in its operation. In (3) shows the fractional linear time-invariant
(FLTI) equation.

f::o a,DEy(t) = fr:lzo b, DEx(t),when a, < a, + 1 (3)
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D is the mean of the derivative and a,, (n =0, 1, 2, ...) are the order of derivative that is assumed be a real
number and positive value.

The concept of the complex number is applied in the modelling in which both polar and rectangular
form is almost equal to each other. With detailed calculation done by researchers as in [50], the fractional-
order model is then compared with the actual simulation from a simple capacitor model. The parameters
extraction was done through two types of mathematical modelling for the self-discharge supercapacitor
which is based on the characteristic of a regular capacitor and the other one is based on constant phase
element (CPE). The self-discharge voltage, V,.(t) for both models can be seen in (4) for the regular capacitor
model and (5) for CPE.

1-n
Ve =V = exp— ] @
tl_y_ t—tcuto ey
%A0=%+k< - ) )

where, V,, is the maximum voltage after the charging process, charging time, t, and self-discharge time, t. R,
is the leakage resistance and C is the maximum capacitance of the SC and I, is the charging current.

The fractional order model proposed in [50] able to shows an accurate correlation to the actual
simulation done by using a potentiostat. The results may have few errors as can be seen in the study as it not
100% overlap between each the actual and mathematical model. However, it shows the capability of the
fractional-order model proposed to display the behavior of supercapacitor which is nonlinear behavior for
two different SC which is 4.7 F and 10 F.

%c ro) ?.'U(t)

Ry 5 V.(0)
<

Figure 5. Fractional order model of a supercapacitor for discharging phase [51]

Figure 5 shows the fractional order model for a supercapacitor during the self-discharge phase where
value a is given by the Caputo derivative as in [51]. This model is widely used in behavior estimation study
for SC. The series resistor and constant phase element (CPE) are used in the fractional-order model to shows
the supercapacitor behavior at low frequency. The output voltage terminal of the supercapacitor during the
self-discharge process for model in Figure 5 is denoted as:

2, = V(0Eq: (- (1)) (6)

1

where, T = (RpCa)E, 1.(0) is the voltage at time t=0 which is when the supply is disconnected from the SC.
While the E,g(.) is the Mittag-Leffler function applied to the equation. The results obtained for the
simulation based on the fractional-order model can be seen in [51] where it shows the nonlinear behavior of
exponential waveform before start to linear after a long time. The researchers also use different time fitting
(100h, 200h, 300h, 400h, 500h and 600h) is done by implementing the non-linear least-square fitting to the
data obtained by the experiment in order to gather the model parameters for 3 F Cooper Bussmann PowerStor
SC. Shorter time fitting shows higher error compared to longer time fitting. Nevertheless, the proposed model
of the simple fractional-order model is suitable to represent supercapacitor for the self-discharge behavior as
its simulation can imitate the experiment result.
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4.  EXPERIMENTAL MEASUREMENT APPROACH

The experimental method for the self-discharge study gives real-life data based on the sample of SC
used. It just used straightforward measurement to identified the self-discharge behavior and the characteristic
of the supercapacitor when physically measuring the SC. It clearly able to shows the nonlinear waveform of
the self-discharge of the SC. Direct measurement for self-discharge of supercapacitor does not need any
complex circuit analysis or mathematical modelling. However, the equipment used must have high efficiency
and it required an adequate setup to make sure the measurement is accurate.

From the experiment done in [52], the higher the rated voltage, the voltage drop at the early phase is
also high. The terminal voltage measurement obtained from 6 units of MAXWELL 3000 F 2.7 V SC in series
connection to accumulate 16.2 V terminal voltage value. Each waveform is recorded at every terminal of
each supercapacitor starting from 2.7 V up to 16.2 V. Saha et al. [53], the results obtained by the experiment
done shows that the lower capacitance value of supercapacitor shows higher leakage current throughout the
self-discharge study compared to a higher capacitance value.

Another experimental study for self-discharge study was done in [21] where the researchers make a
comparison study on effect of charging current level toward the charge redistribution. The MAXWELL
360 F supercapacitor has a higher self-discharge rate when charged by a 15A constant current source
compared with the same supercapacitor but only a 1A constant current source is applied to the supercapacitor
during charging. Leakage current in a supercapacitor is also caused by the thermal occurrence inside the
supercapacitor during charge movement and the surrounding such as the environment temperature. The
thermal energy caused the self-discharge rate to speed up due to the electrochemical reaction in the
electrolyte of the supercapacitor. As in [54], the effect of temperature was applied to study the self-discharge
behavior. At a higher temperature at 50 °C and 25 °C, the voltage drop is higher compared to when the
supercapacitor is stored and the terminal voltage is measured at lower temperature conditions at -20 °C. The
slow charge movement at low temperature due to low thermal energy caused the self-discharge rate to
become low.

5. DISCUSSION

Different methods and approaches have been made to study and model the behavior of a
supercapacitor. Each method used has its advantages and disadvantages throughout the studies. All the
methods can show the self-discharge characteristic behavior either through modelling the supercapacitor or
direct measurement from the supercapacitor itself. The high discharge rate during early moment of self-
discharge or when the SC is disconnected from the source shows the nonlinear behavior of SC and its
exponential waveform for the terminal voltage before linear over the time. Figure 2 shows the example of the
self-discharge behavior of the SC based on three branch ECM study. Figure 6 and Figure 7 also shows
the self-discharge characteristic done based on two branch ECM and Experimental method, respectively.
Figure 7 shows that charging current greatly affected the self-discharge rate of the supercapacitor as
discussed earlier. The proposed method also used different time frame to collect the result. The equivalent
circuit model used shorter time to measure the self-discharge while the fractional order model used hundreds
of hours of time fitting. This as the ECM used in the reviewed method are based on minimal number of
branches which the error might increase due to its only containing a limited number of branch if the
simulation is done and compared with the experiment if the time for measurement is taken for days [33].
Fractional order model might have more complex mathematical model with more complex computation. But
it gave better estimation for a long time running. A comparison was made for all three (3) discussed an
approach for the self-discharge behavior of supercapacitor in this paper and can be seen in Table 1.Table 1.
Advantages and disadvantages of each method applied for Self-discharge studies
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Figure 6. Comparison of exponential function with the experimental data of the 22 F supercapacitor [40]
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Figure 7. MAXWELL 360F supercapacitor self-discharge characteristic at different charging current [21]

Table 1. Advantages and disadvantages of each method applied for Self-discharge studies

Methods Advantages Disadvantages References
Equivalent * Relatively easy to * Moderate accuracy (can improve the parameter [27], [29], [31], [33]-
circuit model implement. identification with algorithm implementation). [35], [37], [38], [40],
(three branch * Use circuit analysis to * Not suitable for longer time estimation as only [43]

ECM and two identify parameters. limited to 2 or 3 RC branches.

branch ECM) * Three branch model is
adapted in MATLAB
Simulink for the

Supercapacitor Block.

* A lot of parameters need to be identified.

Fractional * Some fractional-order » Complex computation and calculation. [45]-[47], [50], [51]
order model model only needs 2

parameters.

* Suitable for long time

estimation.

» More accurate data.
Physical * Easy to implement; direct ~ * Costly; equipment setup to measure and [21], [52]-[54]
measurement/ terminal voltage monitored the supercapacitor terminal voltage
experiment measurement. might cost a lot and the cost of supercapacitor

« Actual data; behavior can itself.

be studied directly from » Longer time spend to measure and recorded the

measured data. data.

* Does not need complex
parameter estimation.

6. CONLUSION

This paper reviewed the model and method proposed by different researchers based on the
equivalent circuit model, fractional order model and direct measurement approach for the self-discharge
study of SC. Various method used and done to obtain the optimum and maximum accuracy towards the
study. The parameter estimation is important for simulation study to increase the model accuracy. Hence,
researchers come with different approach to optimize the parameter estimation. The simple model reviewed
in this paper cannot be used directly for self-discharge behavior in term of physics study as it might not give
perfect correlation. However, the method proposed is enough to make an estimation towards self-discharge
behavior for different application. Various approach can be used on top of the circuit analysis method to
identify the parameter. Those approaches were proposed to improve the accuracy of the supercapacitor
behavior through the simulation model. Also, different manufacturer of SC might have different
manufacturing process during the production of supercapacitor such as the type of electrode, size and
thickness of electrode and the material used as electrolyte which then might affect the self-discharge
behavior. Future study could adapt the proposed method and improved the parameter estimation for either
ECM or fractional order model for better estimation accuracy and validate the supercapacitor from different
manufacturer at the same capacitance value. The self-discharge study also played important part in energy
management as it may affect the state-of-charge estimation which indirectly can lead to various unwanted
condition for SC application. Hence, the important of self-discharge study of supercapacitor need to be
considered when implementing the SC as energy storage.

Indonesian J Elec Eng & Comp Sci, Vol. 28, No. 2, November 2022: 663-673



Indonesian J Elec Eng & Comp Sci ISSN: 2502-4752 a 671

ACKNOWLEDGMENT

The authors would like to acknowledge the support from the Fundamental Research Grant Scheme
(FRGS) under a grant number of FRGS/1/2020/TKO/UNIMAP/02/81 from the Ministry of Higher Education
Malaysia. Additionally, we want to thank Electric Vehicle Energy Storage System (eVess) Group, Centre of
Excellence for Renewable Energy (CERE), Faculty of Electric Engineering Technology, Universiti Malaysia
Perlis for providing the support, facilities and equipment to produce our publication.

REFERENCES

[1]  A. M. Alsabari, M. K. Hassan, A. Cs, and R. Zafira, “Modeling and validation of lithium-ion battery with initial state of charge
estimation,” Indonesian Journal of Electrical Engineering and Computer Science, vol. 21, no. 3, pp. 1317-1331, Mar. 2021, doi:
10.11591/ijeecs.v21.i3.pp1317-1331.

[2] B. V. Rajanna and M. K. Kumar, “Dynamic model development for lead acid storage battery,” Indonesian Journal of Electrical
Engineering and Computer Science, vol. 15, no. 2, pp. 609-619, Aug. 2019, doi: 10.11591/ijeecs.v15.i2.pp609-619.

[3] C. Patnaik, M. M. Lokhande, and S. B. Pawar, “Hybrid energy storage system using supercapacitor for electric vehicles,”
Innovations in Power and Advanced Computing Technologies, 2019, pp. 1-5, doi: 10.1109/i-PACT44901.2019.8960252.

[4] D. Mestriner, “Feasibility study of supercapacitors as stand-alone storage systems for series hybrid electric vehicles,” 11th
International  Symposium on Advanced Topics in Electrical Engineering (ATEE), 2019, pp. 1-5, doi:
10.1109/ATEE.2019.8724997.

[5] T. Dey, K. Dey, G. Whelan, and A. Eroglu, “Supercapacitor implementation for PV power generation system and integration,” in
International ~ Applied Computational ~ Electromagnetics ~ Society ~ Symposium  (ACES), 2018, pp. 1-2, doi:
10.23919/ROPACES.2018.8364262.

[6] T.C. Ting, Z. Rasin, and C. S. Ching, “Design and simulation of cascaded H-bridge multilevel inverter with energy storage,”
Indonesian Journal of Electrical Engineering and Computer Science, vol. 23, no. 3, pp. 1289-1298, Sep. 2021, doi:
10.11591/ijeecs.v23.i3.pp1289-1298.

[7] V. J. Nagarajah, H. J. Lee, K. G. Tan, and N. Khunprasit, “Performance analysis of supercapacitors for transportation industry,”
Indonesian Journal of Electrical Engineering and Computer Science, vol. 13, no. 3, pp. 1031-1038, Mar. 2019, doi:
10.11591/ijeecs.v13.i3.pp1031-1038.

[8] M. Jaszczur and Q. Hassan, “An optimisation and sizing of photovoltaic system with supercapacitor for improving self-
consumption,” Applied Energy, vol. 279, p. 115776, Dec. 2020, doi: 10.1016/J. APENERGY.2020.115776.

[91 Q. Hassan, M. Jaszczur, A. M. Abdulateef, J. Abdulateef, A. Hasan, and A. Mohamad, “An analysis of
photovoltaic/supercapacitor energy system for improving self-consumption and self-sufficiency,” Energy Reports, vol. 8, pp. 680—
695, Nov. 2022, doi: 10.1016/j.egyr.2021.12.021.

[10] 1. N. Jiya, N. Gurusinghe, and R. Gouws, “Hybridisation of battery, supercapacitor and hybrid capacitor for load applications with
high crest factors: A case study of electric vehicles,” Indonesian Journal of Electrical Engineering and Computer Science, vol.
16, no. 2, pp. 614-622, 2019, doi: 10.11591/ijeecs.v16.i2.pp614-622.

[11] L. Kouchachvili, W. Yaici, and E. Entchev, “Hybrid battery/supercapacitor energy storage system for the electric vehicles,”
Journal of Power Sources, vol. 374, pp. 237-248, Jan. 15, 2018. doi: 10.1016/j.jpowsour.2017.11.040.

[12] Q. Hassan and M. Jaszczur, “Self-consumption and self-sufficiency improvement for photovoltaic system integrated with ultra-
supercapacitor,” Energies (Basel), vol. 14, no. 23, p. 7888, Dec. 2021, doi: 10.3390/en14237888.

[13] P. Nambisan and M. Khanra, “Optimal energy management of battery supercapacitor aided solar PV powered agricultural feed
mill using pontryagin’s minimum principle,” IEEE Transactions on Power Electronics, vol. 37, no. 2, pp. 2216-2225, Feb. 2022,
doi: 10.1109/TPEL.2021.3104347.

[14] N. S. Hasan et al., “Virtual inertia support for wind turbine system,” Indonesian Journal of Electrical Engineering and Computer
Science, vol. 17, no. 2, pp. 629-636, 2019, doi: 10.11591/ijeecs.v17.i2.pp629-636.

[15] S. Karthikeyan, B. Narenthiran, A. Sivanantham, L. D. Bhatlu, and T. Maridurai, “Supercapacitor: evolution and review,”
Materials Today: Proceedings, vol. 46, pp. 3984-3988, Jan. 2021, doi: 10.1016/J.MATPR.2021.02.526.

[16] Q. Cheng, W. Chen, H. Dai, Y. Liu, and X. Dong, “Energy storage performance of electric double layer capacitors with gradient
porosity  electrodes,” Journal of Electroanalytical Chemistry, vol. 889, p. 115221, May 2021, doi:
10.1016/J.JELECHEM.2021.115221.

[17] P. Bhojane, “Recent advances and fundamentals of Pseudocapacitors: Materials, mechanism, and its understanding,” Journal of
Energy Storage, vol. 45, p. 103654, Jan. 2022, doi: 10.1016/J.EST.2021.103654.

[18] M. N. A. Razak, Z. A. Noorden, F. N. Ani, Z. Abdul-Malek, J. J. Jamian, and N. Bashir, “Electrochemical properties of kenaf-
derived activated carbon electrodes under different activation time durations for supercapacitor application,” Indonesian Journal
of Electrical Engineering and Computer Science, vol. 19, no. 2, pp. 1105-1112, Aug.2020, doi: 10.11591/ijeecs.v19.i2.pp1105-
1112.

[19] A. Berrueta, A. Ursua, 1. S. Martin, A. Eftekhari, and P. Sanchis, “Supercapacitors: electrical characteristics, modeling,
applications, and future trends,” IEEE Access, vol. 7, pp. 50869-50896, 2019, doi: 10.1109/ACCESS.2019.2908558.

[20] F. Blaabjerg, A. Sangwongwanich, M. Ergin Sahin, and F. Blaabjerg, “A review on supercapacitor materials and developments
(Turkish Journal of Materials) A review on supercapacitor materials and developments,” Turkish Journal of Materials, vol. 5, no.
2, pp. 10-24, 2020.

[21] N. Reema, G. Jagadan, N. Sasidharan, and M. P. Shreelakshmi, “Comparative analysis of CC-CV/CC charging and charge
redistribution in supercapacitors,” 2021 31st Australasian Universities Power Engineering Conference (AUPEC), 2021, pp. 1-5,
doi: 10.1109/AUPEC52110.2021.9597829.

[22] Ryszard Kopka, “Discrepancy between derivative orders in fractional supercapacitor models for charging and discharging cycles,”
2018 23rd International Conference on Methods & Models in Automation & Robotics (MMAR), 2018, pp. 567-572, doi:
10.1109/MMAR.2018.8486079.

[23] S. D. Fenol, F. S. Caluyo, and W. Sugimoto, “Effect of charging methods on self-discharge and leakage current of
supercapacitors,” 2016 4th International Conference on Control Engineering & Information Technology (CEIT), 2016, pp. 1-5,
doi: 10.1109/CEIT.2016.7929024.

[24] W. Zhang et al., “Self-discharge of supercapacitors based on carbon nanotubes with different diameters,” Electrochimica Acta,
vol. 357, p. 136855, Oct. 2020, doi: 10.1016/J.ELECTACTA.2020.136855.

The different approach for supercapacitor modelling in the ... (Muhammad Abdul Jabbar Bin Abu Bakar)



672

a ISSN: 2502-4752

[25]

[26]

[27]

[28]
[29]
[30]
[31]
[32]

[33]

[34]

[35]

[36]
[37]

[38]

[39]
[40]

[41]

[42]
[43]
[44]
[45]

[46]

[47]

[48]

[49]

[50]

[51]

[52]

[53]

[54]

L. E. Helseth, “Modelling supercapacitors using a dynamic equivalent circuit with a distribution of relaxation times,” Journal of
Energy Storage, vol. 25, p. 100912, Oct. 2019, doi: 10.1016/j.est.2019.100912.

A. H. Abdul, N. Ramli, A. N. Nordin, and M. F. Abd. Wahab, “Supercapacitor performance with activated carbon and graphene
nanoplatelets composite electrodes, and insights from the equivalent circuit model,” Carbon Trends, vol. 5, p. 100101, Oct. 2021,
doi: 10.1016/J.CARTRE.2021.100101.

B. Bairwa, K. Pareck, M. Sarvagya, and U. R. Yaragatti, “Analysis of leakage current mechanism in supercapacitor with
experimental approach,” in 2022 |IEEE Fourth International Conference on Advances in Electronics, Computers and
Communications (ICAECC), 2022, pp. 1-6, doi: 10.1109/ICAECC54045.2022.9716664.

I. N. Jiya, N. Gurusinghe, and R. Gouws, “Electrical circuit modelling of double layer capacitors for power electronics and energy
storage applications: A review,” Electronics (Switzerland), vol. 7, no. 11, p. 268, 2018. doi: 10.3390/electronics7110268.

Z. Cabrane and S. H. Lee, “Electrical and mathematical modeling of supercapacitors: comparison,” Energies (Basel), vol. 15, no.
3, p. 693, Feb. 2022, doi: 10.3390/en15030693.

G. Marconi et al., “Modeling and model validation of supercapacitors for real-time simulations,” M.S. thesis, Universita Di
Bologna, Italy, 2019.

V. Castiglia et al., “Modelling, simulation and characterization of a supercapacitor in automotive applications,” 2020, pp. 1-6, doi:
10.1109/EVER48776.2020.9243065.

H. Miniguano, A. Barrado, C. Fernandez, P. Zumel, and A. Lazaro, “A general parameter identification procedure used for the
comparative study of supercapacitors models,” Energies (Basel), vol. 12, no. 9, doi: 1776, May 2019, doi: 10.3390/en12091776.
M. A. ben Fathallah, A. ben Othman, and M. Besbes, “Modeling a photovoltaic energy storage system based on super capacitor,
simulation and evaluation of experimental performance,” Applied Physics A: Materials Science and Processing, vol. 124, no. 2, p.
120, Feb. 2018, doi: 10.1007/s00339-018-1549-x.

J. R. Sofia and K. S. J. Wilson, “Electrical circuit modeling of photo — supercapacitor using Zubieta — Bonert model,” Optik
(Stuttg), vol. 251, p. 168448, Feb. 2022, doi: 10.1016/].ijle0.2021.168448.

M. Nikkhoo, E. Farjah, and T. Ghanbari, “A simple method for parameters identification of three branches model of
supercapacitors,” 2016 24th Iranian Conference on Electrical Engineering, ICEE 2016, 2016, pp. 1586-1590. doi:
10.1109/IranianCEE.2016.7585774.

Z. Cabrane and S. H. Lee, “Electrical and mathematical modeling of supercapacitors: comparison,” Energies (Basel), vol. 15, no.
3, 693, Feb. 2022, doi: 10.3390/en15030693.

D. Xu, L. Zhang, B. Wang, and G. Ma, “Modeling of Supercapacitor behavior with an improved two-branch equivalent circuit,”
IEEE Access, vol. 7, pp. 26379-26390, 2019, doi: 10.1109/ACCESS.2019.2901377.

Y. Zhao, W. Xie, Z. Fang, and S. Liu, “A parameters identification method of the equivalent circuit model of the supercapacitor
cell module based on segmentation optimization,” IEEE Access, vol. 8, pp. 92895-92906, 2020, doi:
10.1109/ACCESS.2020.2993285.

H. Yang and Y. Zhang, “A study of supercapacitor charge redistribution for applications in environmentally powered wireless
sensor nodes,” Journal of Power Sources, vol. 273, pp. 223-236, Jan. 2015, doi: 10.1016/j.jpowsour.2014.09.061.

T. Ghanbari, E. Moshksar, S. Hamedi, F. Rezaei, and Z. Hosseini, “Self-discharge modeling of supercapacitors using an optimal
time-domain based approach,” Journal of Power Sources, vol. 495, p. 229787, May 2021, doi: 10.1016/j.jpowsour.2021.229787.
A. M. Alsabari, M. K. Hassan, C. S. Azura, and R. Zafira, “Experimental design for an enhanced parametric modeling of
supercapacitor equivalent circuit model,” Indonesian Journal of Electrical Engineering and Computer Science, vol. 23, no.1, pp.
63-74, Jul. 2021, doi: 10.11591/ijeecs.v23.i1.pp63-74.

X. Su, W. Jia, H. Ji, and Y. Zhu, “Mitigating self-discharge of activated carbon-based supercapacitors with hybrid liquid crystal as
an electrolyte additive,” Journal of Energy Storage, vol. 41, p. 102830, Sep. 2021, doi: 10.1016/J.EST.2021.102830.

D. Xu, L. Zhang, B. Wang, and G. Ma, “Estimation of supercapacitor energy based on particle swarm optimization algorithm for
its equivalent circuit model,” Energy Procedia, vol. 158, pp. 4974-4979, 2019, doi: 10.1016/j.egypro.2019.01.670.

D. Xu, L. Zhang, B. Wang, and G. Ma, “A novel equivalent-circuit model and parameter identification method for supercapacitor
performance,” Energy Procedia, vol. 145, pp. 133-138, Jul. 2018, doi: 10.1016/J.EGYPR0.2018.04.022.

T. J. Freeborn, “Bioimpedance analysis using fractional-order equivalent electrical circuits,” in Fractional Order Systems,
Elsevier, 2018, pp. 205-237.

M. R. Kumar, S. Ghosh, and S. Das, “A hybrid optimization-based approach for parameter estimation and investigation of
fractional dynamics in ultracapacitors,” Circuits, Systems, and Signal Processing, vol. 35, no. 6, pp. 1949-1971, Jun. 2016, doi:
10.1007/s00034-016-0254-2.

A. Allagui et al., “Review of fractional-order electrical characterization of supercapacitors,” Journal of Power Sources, vol. 400,
pp. 457-467, Oct. 2018, doi: 10.1016/J.JPOWSOUR.2018.08.047.

L. Zhang, X. Hu, Z. Wang, F. Sun, and D. G. Dorrell, “A review of supercapacitor modeling, estimation, and applications: a
control/management perspective,” Renewable and Sustainable Energy Reviews, vol. 81, pp. 1868-1878, Jan. 2018, doi:
10.1016/J.RSER.2017.05.283.

J. I. Hidalgo-Reyes, J. F. Gdmez-Aguilar, R. F. Escobar-Jiménez, V. M. Alvarado-Martinez, and M. G. Lépez-Lopez, “Classical
and fractional-order modeling of equivalent electrical circuits for supercapacitors and batteries, energy management strategies for
hybrid systems and methods for the state of charge estimation: a state of the art review,” Microelectronics Journal, vol. 85, pp.
109-128, Mar. 2019, doi: 10.1016/J.MEJO.2019.02.006.

S. D. Fenol and F. S. Caluyo, “Mathematical model of self-discharge for supercapacitors,” Journal of Engineering Science and
Technology Review, vol. 13, no. 5, pp. 77-81, 2020, doi: 10.25103/jestr.135.10.

T. J. Freeborn, A. Allagui and A. Elwakil, “Modelling supercapacitors leakage behavior using a fractional-order model,” 2017
European Conference on Circuit Theory and Design (ECCTD), 2017, pp. 1-4, doi: 10.1109/ECCTD.2017.8093337.

B. Evstatiev and D. Kiriakov, “Investigation of the energy losses of supercapacitor banks due to self-discharge,” 2021 17th
Conference on Electrical Machines, Drives and Power Systems (ELMA), 2021, pp. 1-5, doi: 10.1109/ELMA52514.2021.9503027.
P. Saha, K. Roy, P. Nambisan, and M. Khanra, “Generalized Self-discharge model for a series of supercapacitors,” in IEEE
Region 10 Annual International Conference, Proceedings/TENCON, Oct. 2019, vol. 2019-October, pp. 2222-2226. doi:
10.1109/TENCON.2019.8929684.

R. Negroiu, P. Svasta, A. Vasile, and C. Ionescu, “Methods for determining the leakage current of supercapacitors,” 2018 41st
International Spring Seminar on Electronics Technology (ISSE), 2018, pp. 1-4, doi: 10.1109/ISSE.2018.8443685.

Indonesian J Elec Eng & Comp Sci, Vol. 28, No. 2, November 2022: 663-673



Indonesian J Elec Eng & Comp Sci ISSN: 2502-4752 a 673

BIOGRAPHIES OF AUTHORS

Muhammad Abdul Jabbar Bin Abu Bakar © E{ P obtained both his diploma and
degree in Electrical Engineering from Universiti Malaysia Perlis in 2018 and 2021,
respectively. Now, he is a full-time postgraduate student at Universiti Malaysia Perlis
conducting research on supercapacitor and energy storage management. He can be contacted
at email: mhmmdabdjbbr@gmail.com.

Muhammad lzuan Fahmi © B B ® obtained his PhD degree and Master of Science from
University of Nottingham Malaysia Campus. Being active as senior lecturer in the University
Malaysia Perlis, his current interest lies on renewable energy, supercapacitor, and energy
storage for electric vehicle. He can be contacted at email: izfahmi@gmail.com.

Shamshul Bahar Yaakob ' £ P received the B. Eng. (Hons) in Information and
Knowledge Engineering from Shizuoka University, Japan in 1991 and M. Eng. in Electrical
and Electronic System Engineering from Nagaoka University of Technology, Japan in 1996.
In 2017, he received his Doctor of Philosophy in Mechatronic Engineering from Universiti
Malaysia Perlis, Malaysia. He is currently ad Associate Professor at the Universiti Malaysia
Perlis, Malaysia. His research interests include optimization using metaheuristic approaches,
soft computing, knowledge engineering, and management engineering. He can be contacted
at email: shamshul@unimap.edu.my, shamshulbahar@gmail.com.

Liew Hui Fang RIEd® currently is a senior lecturer at Faculty of Electrical Engineering
Technology from Universiti Malaysia Perlis. In 2012, she holds her degree, in Electrical
Systems Engineering at University Malaysia Perlis (UniMAP), Malaysia. In 2015. M.Sc.
degree in Microelectronics Engineering from (UniMAP), in 2018, she received the Ph.D.
degree in Electrical Systems Engineering at (UniMAP). Her research interest includes the
analysis and development of new sources of energy harvesting system and techniques,
renewable energy, Power Energy, Microwave Communication and RF MEMS. She can be
contacted at email: hfliew@unimap.edu.my.

Muhammad Zaid Aihsan © E{ P received the B.Eng. and M.Sc. degrees in Electrical
Engineering from Universiti Malaysia Perlis, Malaysia, in 2013 and 2016, respectively. He is
currently working on the Ph.D. degree under Power Electronics and Drives Research Group
(PEDG) in the Faculty of Electrical Engineering, Universiti Teknikal Malaysia Melaka
(UTeM), Malaysia. He is a Lecturer at Universiti Malaysia Perlis (UniMAP), Malaysia. His
research interests include the power electronics and motor drive systems. He can be
contacted at email: zaid@unimap.edu.my.

The different approach for supercapacitor modelling in the ... (Muhammad Abdul Jabbar Bin Abu Bakar)


https://orcid.org/0000-0001-7575-004X
https://publons.com/wos-op/researcher/5412239/muhammad-abdul-jabbar-abu-bakar/
https://orcid.org/0000-0002-2468-3235
https://scholar.google.com/citations?user=azSt2lwAAAAJ&hl=en
https://www.scopus.com/authid/detail.uri?authorId=56600298900
https://publons.com/wos-op/researcher/3327620/izuan-fahmi/
https://orcid.org/0000-0001-8570-6624
https://scholar.google.com/citations?user=cu8zB-wAAAAJ&hl=en
https://www.scopus.com/authid/detail.uri?authorId=24825943100
https://orcid.org/0000-0001-5780-7532
https://scholar.google.com/citations?hl=en&user=HRhbKXUAAAAJ
https://www.scopus.com/authid/detail.uri?authorId=55987930400
https://publons.com/wos-op/researcher/1390522/liew-hui-fang/
https://orcid.org/0000-0002-1486-0410
https://scholar.google.com/citations?user=0vissjkAAAAJ&hl=en
https://www.scopus.com/authid/detail.uri?authorId=56479160600
https://publons.com/wos-op/researcher/3309096/zaid-aihsan/

